Abstract
Li T 1 relaxation measurements and fluorescence spectroscopy with the Mg 2þ fluorophore furaptra, we detected Li þ /Mg 2þ competition in three preparations: the purified G-protein transducin (G t ), stripped rod outer segment membranes (SROS), and SROS with purified G t reattached (ROS-T). When purified ROS-T, SROS or transducin were titrated with Li þ in the presence of fixed amounts of Mg 2þ , the apparent Li þ binding constant decreased due to Li þ /Mg 2þ competition. Whereas for SROS the competition mechanism was monophasic, for G t , the competition was biphasic, suggesting that in G t , Li þ /Mg 2þ competition occurred with different affinities for Mg 2þ in two types of Mg 2þ binding sites. Moreover, as [Li þ ] increased, the fluorescence excitation spectra of both ROS-T and G t were blue shifted, indicating an increase in free [Mg 2þ ] compatible with Li þ displacement of Mg 2þ from two low affinity Mg 2þ binding sites of G t . G t release from ROS-T membrane was also inhibited by Li þ addition. In summary, we found evidence of Li þ /Mg 2þ competition in G t -containing preparations. Ó 2004 Elsevier Inc. All rights reserved.
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Introduction
For 50 years, Li þ has been the most effective treatment for bipolar disorder, despite the fact that its pharmacological mechanism of action remains unknown. Several hypotheses for its mechanism of action have been advanced [1] [2] [3] . One main branch of the research into the Li þ mechanism of action has focused on the effect of Li þ on guanine-nucleotide binding (G) proteins.
G-proteins are membrane-bound proteins, which play a vital role in cellular communication [4, 5] . They function as molecular switches by relaying extracellular signals to specific intracellular effectors [4, 5] . Thus, Gproteins affect the way cells interact with their environment, which is critical to the overall health and viability of an organism.
Some studies have provided evidence for the presence of hyperfunctional G-proteins or for abnormal amounts of G-proteins in the membranes of bipolar patients relative to those present in normal individuals [6, 7] . Another study found that therapeutic concentrations of Li þ inhibited the activities of G i and G s (two G-proteins that inhibit and stimulate, respectively), the enzyme adenylate cyclase, and G q and G o (G-proteins that regulate phosphatidyl inositol (PI) turnover via the modulation of the activity of phospholipase C) [8] . Li þ inhibition of these G-proteins affects the ability of various neurotransmitters to bring about a cellular response by decreasing the G-protein-regulated production of the second messenger molecules: cAMP, DAG or IP 3 [3] . Thus, the therapeutic effect of Li þ may be due to Li þ inhibition of the G-proteins that are involved in the regulation of adenylate cyclase (G s and G i ) and of PI turnover (G q and G o ) as well as by the G bc dimer via modulation of the production of the aforementioned second messenger molecules [3, [8] [9] [10] [11] [12] .
One ionic hypothesis as to how Li þ is able to provide this mood regulation in bipolar patients is that Li competition hypothesis as a possible mechanism of Li þ action using two complimentary spectroscopic methods ( 7 Li NMR spectroscopy and fluorescence spectroscopy with the Mg 2þ -sensitive fluorophore furaptra) for three model G-protein-containing preparations. The G-protein used in our study was transducin (G t ), which is bound on the rod outer segment (ROS) membrane. Therefore, we chose to purify G t , stripped ROS membranes (SROS), where all peripheral membrane proteins, including G t , were removed, and SROS membranes with purified G t reattached.
These biophysical studies (particularly NMR), required large amounts of protein (10-20 mg); therefore we chose to use G t as our model system since it was possible to purify 20-30 mg of protein quickly and easily, following a published procedure [15] . Additionally, the ROS membrane, in which G t is normally embedded, can also be quickly and easily isolated, allowing the construction of a reconstituted membrane system [15] . Considering the fact that the amino acids involved in high-affinity Mg 2þ coordination are essentially the same in most of the proteins in the G-protein superfamily [16] [17] [18] [19] [20] [21] , whereas those involved in low-affinity Mg 2þ binding are unknown, it is important to determine whether the metal ion competition results obtained in our study may be extended to other G-proteins.
Like all G-proteins, G t acts as a molecular switch. Specifically, G t is involved in regulating a light-activated cGMP cascade in the ROS membranes of vertebrate rod photoreceptor cells [5, 15] . In its inactive conformation, G t has GDP is bound to the a subunit of G t (G ta -GDP) and is tightly associated to its G tbc complex. Upon photoexcitation, photoexcited rhodopsin (R*) promotes GTP/GDP exchange, transforming G t from its inactive GDP-bound form into its active GTP-bound form. G ta -GTP then dissociates from the R*-G tbc complex and activates a cGMP phosphodiesterase (PDE). The intrinsic GTPase activity of the G ta subunit hydrolyzes GTP to GDP, at which point G ta -GDP reassociates with the G tbc complex, allowing G t to relay another extracellular signal [5, 15] .
The inactive conformation of G t , G t -GDP, was chosen as a starting point for our examination of the competition between Li þ and Mg 2þ for the Mg binding site of G t has been shown, by X-ray crystallographic studies, to be more exposed in this conformation than in the active conformation [19] . Specifically, for G t in the inactive conformation, the X-ray crystallographic studies have shown that the octahedrally-coordinated Mg 2þ ion is bound to four water molecules, to the bphosphate of GDP and to the side chain oxygen of Ser 43 [19] . On the other hand, for G t in the GTP-bound conformation, the Mg 2þ ion is coordinated to the side chain oxygens of Thr 177 and Ser 43, to the b and c phosphates of GTP and to only 2 molecules of water [19] . Thus, in the GTP-bound conformation, the Mg 2þ ion is less accessible to the aqueous milieu than in the GDP-bound conformation [19] . Therefore, Li þ /Mg 2þ competition for the Mg 2þ binding sites of G t may be more readily observable in its inactive GDP-bound form than in its active GTP-bound form.
Experimental

Materials
G t and SROS membranes were isolated from bovine eyes collected at local packing companies. All biochemicals and inorganic salts were purchased from Sigma Chemical Company (St. Louis, MO). Furaptra was purchased from Molecular Probes (Eugene, OR). The Bio-Rad Bradford dye reagent used for protein determinations was purchased from Bio-Rad Laboratories (Hercules, CA), while the gels and buffer strips used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis were purchased from Pharmacia Biotech (Uppsala, Sweden).
Preparation of purified G t and SROS membranes from bovine retinas
G t and SROS membranes were prepared from fresh bovine eyes as described in the literature [15] with the following modification: 100 ll of 10 mM GTP instead of 50 ll was added to each tube that contained G t bound to ROS membrane to ensure that sufficient GTP was present to allow G t to dissociate from the rhodopsin in the ROS membranes. The purity of the G t was assessed by SDS-PAGE using a Pharmacia Phase system, while the protein concentration was determined by the Bradford method using the Bio-Rad Bradford dye with bovine serum albumin as a standard [22] . For protein concentration determinations of preparations of G t bound to SROS membranes, a modified protein analysis procedure using detergent was used [23] . A typical G t isolation from 400 bovine retinas usually yielded 20-30 mg of pure protein, which is consistent with previous reports [15] .
Preparation of G t samples for fluorescence, NMR and G t release experiments
A preparation of apo G t was required for this investigation to ensure that the majority of the Mg 2þ in the system was the Mg 2þ that was added during the NMR, fluorescence, and G t release experiments, rather than the excess Mg 2þ (2 mM) that is generally present at the end of a G t isolation. To remove any excess, unbound Mg 2þ and any other metal ion contaminants (especially paramagnetic ions that would affect the 7 Li T 1 relaxation measurements), the G t preparations were dialyzed against 50 mM tris[hydroxymethyl] aminomethane hydrochloride (Tris/HCl; pH 7.5). To remove Mg 2þ tightly bound to the protein, the G t samples were dialyzed against a buffered solution containing 50 mM Tris/HCl (pH 7.5), 0.1 M NaCl, 0.01% n-octyl-b-D Dglucopyranoside, 5 mM dithiothreitol (DTT), 0.03 mM GDP, and 1 mM ethylenediamine-N ; N ; N 0 ; N 0 -tetraacetic acid (EDTA), changing the buffer twice over a six hour period [24] . The samples were then dialyzed for 24 h changing the buffer three times against 50 mM Tris/ HCl (pH 7.5), 0.1 M NaCl, and 0.03 mM GDP in order to allow the protein to refold in the GDP-bound conformation and to remove any excess EDTA. Following the Mg 2þ removal, the protein samples were concentrated using an Amicon ultrafiltration cell with a YM-10 membrane, to the desired concentrations of 0.1 mM for both the NMR and fluorescence experiments, or 5 lM for the G t release assays.
To verify the removal of all metal ions including Mg 2þ , several samples were sent to the Chemical Analysis Laboratory, University of Georgia, Athens, GA, for analysis on an inductively coupled plasma emission spectrometer (ICP-ES was added to allow G t to function, since Mg 2þ is required for the proper functioning of all G-proteins, including G t [5, 21] .
After Mg 2þ readdition, these reconstituted G t samples (G t samples that had Mg 2þ removed and then readded) were then titrated with Li þ concentrations ranging from 0 to 30 mM for the NMR experiments or from 0 to 50 mM Li þ for the fluorescence and G t release experiments. The NMR and fluorescence experiments that involved SROS membranes with or without bound G t were conducted in the dark under a dim red light to avoid photobleaching of the ROS membranes.
G t release from SROS membranes
The effect of Li þ on G t release from SROS membranes was determined using a modification of a procedure described in the literature [15] . Briefly, SROS membranes were first photobleached under normal room light for 1 min on ice. Photobleaching of the rhodopsin in the SROS membranes must be done on ice to prevent their overbleaching, since overbleached rhodopsin slowly decays into metarhodopsin III, retinal and opsin, all of which are known to bind G t poorly [25] . These photobleached membranes now contain R*, which readily binds G t [26] .
In order to confirm that the removal of the bound Mg 2þ from G t did not denature the protein, the results from our experiments using reconstituted G t were compared with the results from previous experiments in which native G t (protein that did not have its bound Mg 2þ removed) was used [15] . The G t release values that we obtained from our experiments with 2 mM Mg 2þ but no Li þ (57.2%) agreed well with those G t release values in which native G t in the presence of 2 mM Mg 2þ was used (55%) [15] . For these control experiments, an excess of Mg 2þ (2 mM) was used [15] , but our experiments determined that only 1 mM Mg 2þ is actually needed to give comparable G t release values. This is the reason why only 1 mM Mg 2þ was readded to reconstitute our G t samples. Thus, these experiments with native G t provided a control with which to compare the results from our G t release experiments to see if Li þ would affect the release of G t from SROS membranes. Therefore, our modified protocol called for mixing of 25 lM of photobleached SROS membranes were then mixed with 5 lM of reconstituted G t (apo G t with 1 mM Mg 2þ readded to it) in a buffer containing 10 mM 3-[N-morpholino] propanesulphonic acid (MOPS; pH 7.5), 2 mM DTT and varying concentrations of either Li þ (15, 30 or 50 mM), K þ (15 or 30 mM), or Mg 2þ (1 mM). This SROS/G t mixture was then allowed to incubate for 20 min in the dark. Dark conditions must be used to prevent overbleaching of rhodopsin in the SROS membranes and to facilitate G t binding to rhodopsin in the SROS membranes. To these tubes, 1 lM of a nonhydrolyzable analog of GTP, b; c-imidoguanosine 5 0 -triphosphate (Gpp(NH)p), was then added. After a 5 min incubation period with Gpp(NH)p, the G t in solution was separated from the membrane-bound G t by centrifugation at 20 psi for 5 min in a Beckman Airfuge. The supernatants were analyzed for protein content by UV analysis, as described above [22] .
Nuclear magnetic resonance spectrometry
The NMR experiments were conducted on a Varian VXR-300 NMR spectrometer using a 10 mm broadband probe. All samples were run at room temperature with spinning at 16-18 Hz. 7 Li NMR spectra were recorded at 116.5 MHz with a spectral width of 10,000 Hz and an acquisition time of 0.979 s. 7 Li T 1 relaxation measurements were determined using the inversion recovery pulse sequence (D 1 -180°-s-90°). At least seven s values were used for each spin-lattice relaxation time (T 1 ) determination, and an interpulse delay of at least 5 times the T 1 value was used before repeating the pulse sequence. The relaxation measurements were often accompanied by a 10% uncertainty. The reported apparent Li þ binding constants, K app , are the averages from two separately prepared samples with error bars that represent the range of the calculated values.
Calculation of Li
þ and Mg 2þ binding constants from 7 Li NMR T 1 measurements to G t , SROS and ROS-T The K app values were calculated from James-Noggle plots according to Eq. (1) using at least five 7 Li T 1 values [27, 28] . The calculation of K app from 7 Li T 1 measurements assumes a two-state (free, f, and bound, b, metal ions) model undergoing fast exchange that uses a total binding site concentration, [B] , and thus, [27] [28] [29] [30] [31] :
where all symbols are defined as in the abbreviations, respectively. K app can be calculated from Eq. (1) 
Fluorescence spectroscopy
Fluorescence experiments were conducted using a Photon Technology International QuantaMaster QM-1 fluorimeter. Fluorescence data was recorded using furaptra, by scanning the excitation spectrum from 300 to 400 nm while monitoring the emission at 510 nm [32] [33] [34] . Fluorescence experiments using purified G t alone were conducted at room temperature, while the fluorescence experiments using SROS membranes with and without bound G t were conducted at 4°C to increase the stability of the SROS. The effect of the temperature difference of the K app values was corrected using the VanÕt Hoff equation. For those fluorescence experiments conducted at 4°C, a cooling unit was connected to the fluorimeter.
2.6.1. Calculation of [Mg 2þ ] f values from fluorescence spectroscopy data When using furaptra, the free Mg 2þ concentration, which was corrected for Li þ binding to furaptra [26, 32] , was calculated from the following equation:
where R, R min , R max , R 
Statistical analysis
The statistical significance of differences between sets of data was assessed using a paired StudentÕs t-test.
Results
Competition between Li
þ and Mg 2þ for the Mg 2þ binding sites on SROS membrane with and without G t , and with G t alone using 7 Li NMR Fig. 1(a) and (c) illustrate that the linear increase in 7 Li T 1 values with increasing Li þ concentration for those systems containing G t was more pronounced in the presence of 0.05 mM Mg 2þ than in its absence. In fact, the slopes of such linear correlations for ROS-T and G t alone are significantly larger (p < 0:01) in the presence of Mg 2þ (0.46 and 0.28, respectively) than in its absence (0.34 and 0.10, respectively). Fig. 1(b) binding sites on SROS membranes in the absence and presence of G t and in purified G t alone using fluorescence spectroscopy
Fluorescence measurements using furaptra were conducted on ROS-T and SROS membranes. Fig. 3 shows the fluorescence excitation spectra of a solution of ROS-T membrane containing 2 lM furaptra, 2.2 mM MgCl 2 and 150 mM Tris-Cl (pH 7.4) that were titrated with various Li þ concentrations. An increase in [Li þ ] resulted in a blue-shift of the fluorescence spectrum (Fig. 3) . ] t for SROS membranes with (.) and without (m) heterotrimeric G t , using the same dark experimental conditions as for Fig. 1(a) , and for purified G t alone (j), in the presence of varying concentrations of MgCl 2 . The SROS membrane protein concentration was 9.0 AE 0.8 mg/ml. The concentration of purified G t used was 0. ( Table 1 ). The protein concentration was a factor of 1.22 in the ROS-T membrane samples as compared to the SROS membrane samples, but the [Mg 2þ ] f values were decreased by a factor of 1.53 AE 0.10 ( Table 1 , last column). This unexpected result, which indicates that the presence of G t in the ROS membrane (ROS-T) decreases the displacement of bound Mg 2þ upon addition of Li þ , led us to investigate the effect of G t on Mg 2þ binding and displacement in the presence of Li þ . Fluorescence experiments, using furaptra, were conducted with purified G t in its inactive GDP-bound conformation. Fig. 4 shows the fluorescence spectra obtained when a solution, containing 100 lM G t , 100 lM GDP and 300 lM Mg 2þ , was titrated with Li þ . Again, as the Li þ concentration increased, the spectrum of the Mg 2þ -sensitive dye was blue shifted. 
Effect of Li þ on the release of G t bound to SROS membranes
The amount of G t released from the SROS membranes was affected by the addition of Li þ ( Table 3 ). The amount of G t released from the SROS membranes decreased from 57.2% for the control experiment, which contained 1 mM Mg 2þ , to 45.4%, 47.4%, and 41.5%, after the addition of 15, 30 and 50 mM Li þ , respectively. This decrease in the amount of released G t from the SROS membranes was found to be statistically signifi- The reported values represent an average of measurements conducted in three separately prepared samples. All samples contained 2 lM furaptra, 100 lM G t , 100 lM GDP, 300 lM MgCl 2 , and 0.15 M Tris-Cl, pH 7.4, at 25°C.
b The errors in the determination of the R values (F 335 =F 370 ) were less than 10%. b All G t samples were prepared in a 10 mM MOPS (pH 7.5) buffer containing 2 mM DTT and 1 mM Mg 2þ before the addition of one of the above cation concentrations. cant (p < 0:05). In contrast, the addition of 15 or 30 mM K þ did not result in a statistically significant (p > 0:05) decrease in the amount of released G t (Table 3) , as compared to the control condition.
Discussion
It is known that G-proteins require Mg 2þ to function [4, 5] . Specifically, Mg 2þ ions must bind to a high affinity (K d in nM) Mg 2þ binding site for the G-protein to possess its GTPase activity and to a low affinity (K d in mM) Mg 2þ binding site for the G-protein to possess its GDP/GTP exchange activity [5, 14] [41, 42] , including G-proteins [8, 9, 13, 14] has also been reported. In this study, we used 7 Li T 1 relaxation measurements and fluorescence spectroscopy with the Mg 2þ fluorophore, furaptra, to examine the Li þ / Mg 2þ competition hypothesis in three model systems: the purified G-protein G t , stripped ROS membranes with bound G t (ROS-T), and stripped ROS membranes without bound G t (SROS).
Since the observed 7 Li T 1 values are a weighted average of the free and bound 7 Fig. 1(a)-(c), respectively) . The addition of Mg 2þ resulted in large increases in the slopes of the corresponding curves for ROS-T membrane and G t , whereas the slope remained constant for the SROS membrane curve, demonstrating that the presence of G t decreases the binding of However, the purpose of this study was not the full characterization of these two types of Mg 2þ binding sites. The affinities of these two types of Mg 2þ binding sites both for Li þ and Mg 2þ along with their location will be the focus of a future study in which this Li þ / Mg 2þ competition hypothesis will also be tested in the GTP bound form of G t .
The biophysical studies described above provide evidence for an ionic competition mechanism between Li þ and Mg 2þ for the Mg 2þ binding sites on G t , where Li þ can displace Mg 2þ at the low affinity Mg 2þ -binding sites of the protein, in accordance with the hypothesis [8, 14] previously proposed for the G-proteins present in the membranes from rat cerebral cortex. Li þ binding to G t may affect its functional properties such as its release from the SROS membranes. The ability of Li þ to regulate G t release may be important for the understanding of its pharmacological action in the treatment of bipolar disorder. Thus, the effect of Li þ on G t release from SROS membranes was examined.
At concentrations of 15, 30 and 50 mM, Li þ was found to inhibit the release of G t from SROS membranes in the presence of Gpp(NH)p (Table 3) . At 15 mM, the amount of released G t was significantly decreased (p < 0:05) by 17%, in comparison to the control condition, while, at 50 mM Li þ , the amount of released G t was significantly decreased (p < 0:05) by 27%, as compared to the control condition. To ensure that this effect was not due to ionic strength, G t release experiments were also conducted in 15 and 30 mM K þ . At these two K þ concentrations, the amount of released G t was not statistically different (p > 0:05) from the control experiment (Table 3) . Thus, this effect was not due to ionic strength. Therefore, Li þ is able to inhibit G t release, probably by displacing Mg 2þ , presumably from the low affinity Mg 2þ binding sites, which are known to be necessary for the release of G t from the SROS membranes [5, 14] . By decreasing the amount of released G t , Li þ can alter the signal transducing properties of this G-protein, ultimately inhibiting the G-proteinÕs ability to produce an intracellular effect in response to an extracellular signal.
In summary, the multinuclear NMR methods developed by us and others for small molecules to probe Li þ binding as well as Li þ /Mg 2þ competition [29, [35] [36] [37] [38] [39] [40] 44, 45] were extended to the 84.5 kDa G-protein G t . Using these NMR methods based on 7 binding site among all G-proteins [16] [17] [18] [19] [20] [21] , and the present study, it is unlikely that Li þ /Mg 2þ competition can occur at this site. By contrast, sequence and structural analyses of the low-affinity Mg 2þ binding site are unavailable. Further characterization of these two types of Mg 2þ binding sites in transducin in other conformations as well as in other G-proteins will be attempted in future studies to determine whether Li þ may be able to compete for the low-affinity Mg 2þ site and modulate the activity of G-proteins, which ultimately, may be one of the mechanisms of lithium action in the treatment of bipolar disorder.
